Abstract: In this paper, we present the design and analysis of chirped fiber Bragg grating (CFBG) sensors, optimized for temperature measurements. The transfer matrix method has been used to simulate the CFBGs and to study their thermal response. The simulations have been carried out with different temperature profiles in order to understand how the CFBG thermal response varies as a function of the grating design parameters and, thus, to optimize the design for the specific application. Finally, to assess the numerical simulations, a series of experimental tests was performed showing very good agreement.
Introduction
In the last twenty years, fiber Bragg gratings (FBGs) widely demonstrated their sensing potentialities in several fields ranging from aerospace to civil engineering, from automotive to environmental monitoring [1] - [3] , but above all, gained popularity in the medical sensing field [4] - [6] .
In particular, among all the applications, our attention is focused on the growing use of fiber optic sensors for temperature monitoring in the medical field. Indeed, in addition to the aforementioned advantages of FBGs, we can also point out their small invasive impact, biocompatibility (ISO 10993 standard compliance) [7] , and intrinsic absence of electrocution risk, chemically inertness, and the possibility of being easily inserted and embedded into surgical instruments, such as catheters and needles, and guided to a precise target during surgery. For these reasons, this type of sensors represents an optimal solution for thermal measurements during minimally-invasive medical technique [8] - [10] . Among these techniques, in last years, thermal ablation procedures for the treatment of small tumors are gaining attention, especially for patients who are not operative candidates or have particular medical problems or unresectable tumors. Thermal ablation can have several kind of sources as: radiofrequency, microwave, laser or high intensity focused ultrasound [11] - [15] . These techniques use a miniaturized applicator, percutaneously inserted inducing a localized change of temperature (heating or cooling) in the tumor mass, while the surrounding healthy tissue should be preserved from the thermal damage [16] . An accurate and real time measure of thermal gradient is the key for the success of these procedures. The mortality rate of tumor cells is a function of the temperature value and of the duration of the ablation, i.e., the thermal dosimetry: in fast ablation processes, a heat temperature of 60°C (for few seconds) must be reached for the instant cell death [8] , [17] .
On this line of argument, several research groups were interested in the use of fiber optic sensors for temperature measurement during thermal treatments. In particular, Tosi et al. [18] have reported the use of distributed fiber optic sensor system based on fast demodulation of Rayleigh scattering pattern during radiofrequency thermal ablation in porcine phantom. The sensing system is able to measure temperature gradients in excess of 5°C/mm; another of their work, is based on thermal monitoring during radiofrequency ablation through a fiber Bragg grating array having 1 sensor/cm density installed on a RF needle [19] . Tests on kidney and liver rabbit undergoing hyperthermia treatment, were carried out using a fiber Bragg grating system making a comparison with a commercial fluoroptic thermometry system [20] . Samset at al. [21] , developed a distributed fiber Bragg grating sensor system for use in biological tissue. Experiments were conducted during cryoablation of porcine liver in vivo. The system yielded a temperature profile with 6.5 mm spatial resolution and 5 s time resolution. Our research group worked on the development of a FBG system integrated with a commercial radiofrequency probe, too. Experiments on ex-vivo animal kidney and liver were conducted and a real time, multipoint measurement with a temperature resolution of 0.1°C and a spatial resolution of 5 mm was achieved [10] , [22] . Another study was carried out on the application of two FBG arrays placed close to the RF applicator and over the sub-lethal isotherm [23] , [24] . Comparisons between the measurements of these two arrays, positioned in different positions after several RF discharges, were made.
However, despite their above-mentioned advantages, the FBGs sensors present limitations related to a point measurement. Indeed, the commercial standard FBGs have a typical length (1-10 mm) that could be excessive for these kinds of applications. This limitation can be overcome through multiplexing techniques, leading to a quasi-distributed sensor (only few works are available [25] , [26] ).
An interesting alternative, for thermal monitoring in medical applications, is based on Chirped FBG (CFBG), where it is possible to associate the position of a thermal pulse along the grating region of the CFBG sensor. With this type of sensors, it is possible to improve the spatial resolution achieved with standard FBGs, with a sensitive structure covering a length of centimeters. CFBGs, differently from standard FBGs, which have a spatially periodic modulation of the core refractive index, present non-periodic pitch [27] - [29] . CFBGs behave like a chain of FBGs inside an optical fiber, where each grating reflects one specific wavelength, returning a broadband spectrum that depends on several parameter as temperature, strain, applied along the whole grating length [30] , [31] . Thanks to their specific features, CFBGs are now widely used in optical communication systems [32] , [33] and in sensor applications, i.e., in mechanical engineering for strain and crack detection [34] , [35] .
One of the first work on CFBG was conducted by Won at al. in 2004 [36] . They evaluated the effect of a temperature gradient on CFBG with 3 nm band, using the transfer matrix method to evaluate temperature change, position and width of localized heating applied to the grating. Tosi et al. in [37] , proposed first studies for the demodulation process of CFBG spectrum in order to discriminate a temperature effect along the fiber during medical procedure and to obtain a distributed thermal map. Through the use of a decoding algorithm, a linearly chirped FBG for distributed thermal measurement during radiofrequency thermal treatments was used. In another work, the authors proposed a method based on an iterative optimization that aims at minimizing the mismatch between the measured CFBG spectrum and a CFBG model based on coupled mode theory (CMT) perturbed by a temperature gradient. In the demodulation part, the authors simulate different temperature distribution patterns with MonteCarlo approach on simulated CFBG spectra. Experiments and simulations have been carried out with different temperature gradient profile [38] .
In this work, we present a study of CFBG dependence on grating parameters showing that they can be optimized for the specific application. In particular, our attention was focused on the use of CFBG with wide bandwidth, about 56 nm, in order to increase the length of the sensor and have a greater ability to read the temperature pattern during thermo-ablation medical procedures. Several simulations were performed, with the aim of analyzing the response of CFBG sensor as function of the grating parameters (such as length and chirp rate). We studied the CFBG response when subjected to different thermal gradients, analyzing how it varies as function of the design parameters. The study leads to a precise knowledge of the CFBG thermal sensing behavior, so that it is possible to design a proper custom CFBG sensor for the specific needs. Moreover, this approach has been validated through a series of experimental tests showing that experimental and simulated results are in very good agreement.
Numerical Analysis
In this section, we describe the transfer matrix method used for the study and analysis of the chirped FBG sensors.
An FBG sensor is an intrinsic sensor, produced by various techniques and formed by a periodic modulation of the index of refraction of the fiber core along the longitudinal direction. The FBG principle of operation is based on the coupling between the forward and the backward propagating core modes. When light propagates through a fiber with a Bragg grating, a reflection phenomenon for a narrow range of wavelengths occurs. In particular, the reflected spectrum is centered at a specific value, called Bragg wavelength. This behavior makes FBG sensors similar to a notch reflection filter, allowing the selection of a particular wavelength and bringing it back into reflection.
The Transfer Matrix Method
Chirped fiber Bragg gratings are characterized by a grating period that changes along the fiber length, resulting in light reflected at different wavelengths. Indeed, as the grating period varies along the axis, different wavelengths are reflected by different portions of the grating. Therefore, the resulting spectrum is wide and it can be seen as function of the position along z-axis of the fiber [27] , [39] . To realize the non-uniform structure of CFBG, and to obtain the UV interference photoimprinted pattern, a phase mask having a specific chirped period is used [28] , [40] . For instance, in order to obtain a linearly chirped FBG, a phase mask with linearly varying pitch was employed in the UV writing set-up exposing the fiber core to a chirped light interference pattern. The sensor thus obtained, has the start pitch and the chirp given by the phase mask characteristics [28] .
Generally, the simulation of fiber gratings (uniform and non-uniform) is usually conducted by using the transfer matrix method (TMM) [30] . This technique is based on CMT, which is a simplified theory derived from Maxwell's equations and analyze the wave propagation and interactions with materials in optical waveguide [41] .
This approach follows a piecewise-uniform process, in which the grating is divided into a certain number of uniform pieces. In particular, the CFBG, with length L, is divided into M uniform sections (the larger the number of M, more accurate this method will be), as it is shown in Fig. 1 . This method is simple to implement, since the closed-form solutions for each uniform piece are combined by multiplying the matrixes associated with the pieces [30] , [42] .
The propagation of the incident light wave through each uniform section i is described by a transfer matrix F i , which is described below:
where R i and S i are the field amplitudes after propagating through the section i, while R i −1 and S i −1 are the field amplitudes before the section i. It is defined as a 2 × 2 matrix for each uniform section and then, it multiplies all of these together in order to obtain a single 2 × 2 matrix that describes the whole grating [30] , [43] . The output amplitude is shown in the (2) below:
The elements in each transfer matrix have the following expression:
where z is the length of the i th section. The coupling coefficientσ and κ are the local values in the i th section [27] , [30] , while γ B = κ 2 −σ 2 is the imaginary part for which |σ| > κ. The output amplitudes for the non-uniform FBG are obtained by applying the boundary
Among the parameters for the realization of a CFBG spectrum, the definition of the correct chirp profile is essential. The term for the chirp, in linear case can be explicated as:
where the term dλ D /dz, is the measure of the rate of change of the design wavelength with position in the grating, usually given in units of nanometers/centimeters [30] . In the following, we will refer to this term as the chirp rate.
Apodization Profiles
Power reflectivity characteristics can be made more stable by applying apodization profile to fiber grating. Apodization consists of a variation of the modulation depth along the grating length. Therefore, the apodized grating has an important role in order to suppress the side lobes, which are due to multiple reflections at the grating ends [30] , [44] . The effect of apodization, is reported in the δn e f f parameter [30] :
where δn e f f is the refractive index modulation peak and f (z) is the apodization profile. Different grating apodization profiles can be used, for example Uniform (no apodization), Hyperbolic Tangent and Gaussian, which are described as a function of spatial distance as [30], [44] , [45] :
Gaussian profile
In Fig. 2 , it is reported the effect on the CFBG spectrum of different apodization profiles, as obtained from simulations using the following parameters: L = 3 cm; δn e f f = 5 · 10 −4 ; = 530 nm; chirp rate (dλ D /dz) = 4 nm/cm. In the figure, it is shown how by applying the proper apodization profile, it is possible to attenuate the presence of side lobes and obtain a cleaner profile. As it will be shown in the following, in order to obtain a CFBG spectrum useful for biomedical applications, the hyperbolic tangent profile will be considered.
Temperature Characterization
In this section, we present the study of the dependence of temperature sensitivity of a CFBG sensor on the design parameters. In detail, we performed various simulations by using TMM method, changing the main parameters and evaluating the effects on the CFBG sensor response. The final aim is the design of the chirped parameters in order to obtain the proper sensitivity to temperature profile.
CFBG Response to Linear Temperature Profile
By using the TMM method, several simulations with different temperature profiles applied to CFBG were performed. The simulations were made on a linear chirp CFBG with parameters similar to the commercial one used for the experimental comparison (as it will be shown in the next session), that are: L = 4.5 cm; δn e f f = 7.8 · 10 −4 ; = 524 nm; chirp rate (dλ D /dz) = 6.73 nm/cm. Moreover, a tanh apodization profile was applied with the following parameters: α = 7 and β = 5.
In Fig. 3 , the results of three different simulations are reported, obtained by applying three different linear temperature profiles along the whole length of the CFBG. In particular, as it is shown in Fig. 3 The CFBGs spectra simulated, have a band between 1521 nm and 1578 nm with a reflectivity around 0.77.
As it is possible to see from Fig. 3 (b) and even more in detail from zoom in Fig. 3(c) , the application of a linear temperature profile does not change the shape of the spectrum of the CFBG sensor, but the effects are only a uniform change in the reflectivity baseline and a variation of CFBG band.
In particular, for the constant profile, (profile 1) it is possible to see, due to a positive temperature gradient, a red shift of about 0.82 nm of the entire CFBG spectrum without a change in bandwidth (which is of 56 nm), while no change in the baseline of reflectivity is noticeable. For the profile 2, ranging from 0 to 100°C, there is a shift of the falling edge, at the points of application of the maximum temperature (positive shift of 0.78 nm respect to spectrum without solicitation) with a consequent increase in band of 0.73 nm.
In this simulation, unlike the previous case, there is a small variation in reflectivity, as it can be seen from the zoom of Fig. 3(c) , there is a decrease in reflection of about 0.0044 along the whole CFBG band. Symmetric behavior is observed for profile 3 (ranging from 100 to 0°C): a shift of rising edge (0.78 nm respect to spectrum without solicitation) with a decrease in the bandwidth of 0.73 nm, moreover, even in this case, a slight variation of reflectivity is observed. As the applied profile has an opposite trend to the previous one (profile 2), i.e., the temperature gradient ranges from positive values (100°C) to 0°C, the baseline relative to the reflectivity value undergoes a slight increase of about 0.0044 along the whole CFBG band. In conclusion, as from the results of profile 2 and 3, an increase in the bandwidth for positive linear temperature gradients and analogously a reduction in the bandwidth for negative ones is shown. It is worth to note that not constant temperature profiles change the chirp rate that, as also confirmed in the following, directly influences the reflectivity in a nonlinear way. Indeed, profile 4 is uniform and thus, doesn't change the reflectivity. Whereas, profile 2 induces a chirp rate increase that causes a reflectivity decreases while profile 3 induces a chirp rate decrease that causes a reflectivity increases.
From the spectrum analysis, and in particular by the analysis of the variation of the central wavelength (in the middle point of BW - Fig. 1 ) between the reference and the solicited spectrum, it is noted that the sensor so designed, has a thermal sensitivity of 8.5 pm/°C.
In order to characterize the behavior of a CFBG spectrum subjected to a thermal solicitation, simulations by varying the design parameters of the CFBG sensor were made. In particular, starting from the previous simulated sensor (L = 4.5 cm; δn e f f = 7.8 · 10 −4 ; = 524 nm ), a series of simulations by changing the chirp rate, were performed. Four different linear temperature profiles have been applied, and for each of them, simulations have been made by varying the chirp parameter (Fig. 4) .
In Fig. 4(a) , are reported the linear temperature profiles applied, while in Fig. 4(b) and (c), the variation of λ C and BW (parameters evaluated as shown in Fig. 1 ) with respect to the situation without temperature applied, as function of the variation of the chirp are shown; in Fig. 4(d) , the variation of reflectivity as calculated at the center of the bandwidth, with respect to a condition without temperature applied as function of the chirp rate for all four applied linear profiles, is presented.
In Fig. 4(b) and (c), it is possible to see how the chirp rate variation does not affect the variation of the central wavelength and bandwidth, where a linear trend is observed. However, different is the reflectivity behavior (Fig. 4(d) ) where the trend with respect to the chirp is not linear, but decreases as the chirp coefficient increases until to a value of 5.5 nm/cm, then slightly increases. Therefore, for chirp values between 4.5 and 5.5 nm/cm the maximum reflectivity variability is detected.
As a result, in order to have a greater temperature sensitivity in terms of grating reflectivity changes, it is convenient to choose CFBGs with a chirp rate between 4.5 and 5.5 nm/cm whereas central wavelength shifts and bandwidth variations slightly depend on the chirp rate. A further simulation was performed by varying the length of the CFBG, applying a linear temperature profile on them, as it is shown in Fig. 5 . The applied profile is linear and covers the entire length of the CFBG, with a maximum of 80°C at the end of the grating (Fig. 5(a) ).
The parameters used to simulate the CFBG spectrum are: δn e f f = 7.8 · 10 −4 ; = 524 nm and chirp rate (dλ D /dz) = 6.73 nm/cm. In Fig. 5(b) and (c), the trend of the reflectivity by varying the grating length is shown. As it is evident from the zoom in Fig. 5(c) , as the grating length increases, an increase in the bandwidth of the CFBG is present. In particular, 1 cm increase in the length of the grating, leads to an increase in bandwidth of about 12 nm. Moreover, the applied profile leads to a change of reflectivity of 0.003 (compared to the spectrum without profile applied) for all simulated spectra. Similar behavior, regarding the bandwidth is observed: for all CFBG sensors simulated, there is a small increase in bandwidth following the application of a high temperature at the end of the grating (as already noted from the previous test in Fig. 3 ). The bandwidth increase is of about 0.62 nm for all the gratings, so it can be concluded that the length of CFBG does not affect the response and the sensitivity of the sensor to a linear temperature profile, and, thus, it is a parameter not useful in the temperature sensitivity optimization process.
Simulations With Gaussian Thermal Gradient
In order to apply the CFBG sensors to the thermal monitor field, we wanted to study the effects of a Gaussian profile (which is the profile generated by Radiofrequency and Laser Ablation (RFA -LA) thermo-ablation procedures [15] , [16] ) on a chirped fiber Bragg grating sensor.
In Fig. 6 , the results of the simulations are presented. In Fig. 6(a) , four Gaussian temperature profiles are applied at different points of the CFBG grating; the applied temperature gradients differ for width and maximum temperature. The sensor parameters used for simulations are: L = 4.5 cm; δn e f f = 7.8 · 10 −4 ; = 524 nm and chirp rate (dλ D /dz) = 6.73 nm/cm. From the zoom of Fig. 6(c) , it is seen that a Gaussian profile, regardless of the point of application, does not change the CFBG band but leads to a change in the shape of the baseline of reflectivity. In particular, the application of a Gaussian profile leads to the formation of a symmetric negative and positive peak, at the center of these two peaks, we find the maximum temperature of the Gaussian profile simulated.
Another important aspect is that, a profile applied to the most part of grating, gives a small contribution most widely distributed on the along the CFBG spectrum, on the contrary, as seen on profile 3, a very narrow Gaussian profile with a maximum of 100°C has a prominent positive and negative peak. In fact, profiles applied at the same point of the grating with equal width, but maximum different (profile 3 and profile 4), show a reflection spectrum with different positive and negative reflectivity peaks, depending on the maximum temperature applied.
In Fig. 7 , four different Gaussian temperature profiles by varying chirp rate are applied. The parameters used to simulate the CFBG were: L = 4.5 cm; δn e f f = 7.8 · 10 −4 ; = 524 nm. In Fig. 7(a) , the applied Gaussian temperature profiles are represented, while in Fig. 7(b) , the trend of reflectivity with respect to the variation of the chirp is reported. The trend of R with respect to the chirp rate, is always increasing for all profiles applied. For profile 3, the variation of reflectivity is less significant than the other profiles, because profile 3 is applied to a larger grating surface. The profile 2 and profile 4, which have the same characteristics, but applied at different points, have the same variation of R in relation to the chirp rate, therefore the variation is not affected by the application point of the profile, but only by the temperature profile characteristic. This behavior is also confirmed for the profile 1, which has a minor temperature variation, because its maximum is smaller than the other two profiles (80°C respect to 100°C). In conclusion, from the analysis of the Fig. 7(b) , it is evident that the maximum sensitivity value is for a chirp rate between 5 and 6 nm/cm. In order to further monitor the behavior of a simulated CFBG, when a Gaussian profile is applied, another simulation was performed. In the Fig. 8 , it is shown the response of the CFBG profile respect to the variation of the grating length. The Gaussian profile shown in Fig. 8(a) , is applied to the center of the sensor with a maximum temperature of 80°C. The parameters used for this simulation are the same as the previous one, except for the length that has been varied.
As already seen in the simulation shown in Fig. 5 , as the length of the grating increases, also the bandwidth of the sensor increases. Moreover, in the zoom of Fig. 8(c) , it is noted that, the shape of the spectral baseline variation is the same for all the gratings, hence the length does not influence the variation of reflectivity. Indeed, for all the spectra there is a variation of R of about 0.06 nm, while the bandwidth remains unchanged respect to the spectrum without solicitation.
From the previous analysis, it is possible to conclude that the chirp rate is the main parameter of the CFBG useful for the temperature sensitivity optimization process, whereas other parameters like grating length do not improve the temperature sensitivity.
Experimental Validation
In this section, we compare the behavior of a commercial CFBG with a CFBG simulated, assuming similar spectra. From the experimental point of view, the sensor was stimulated by applying a temperature gradient in different points of the grating. For experimental tests, a specific setup was made (as it is illustrated in Fig. 9(a) ). In particular, a commercial sensor with linear chirp was used. The CFBG under test is written on a single-mode fiber SMF-28 and has 4.5 cm active length, with a bandwidth of about 56 nm, from 1521 nm to 1577 nm. Alongside the CFBG sensor, four FBG standard of 0.5 cm length were used, in order to monitor the temperature trend at different points of the chirped sensor. So, arranged sensors were connected to an optical interrogation system used to measure the FBGs reflected signal. This system, included a tunable laser operating in the range of 1500 to 1600 nm that is equipped with eight optical channels allowing for simultaneous measurement of a large number of sensors (up to 25 for each channel). The detector measured the Bragg wavelengths with a resolution of 1 pm with a minimum sampling frequency of 1 Sample/s. Finally, the spectra acquired were analyzed through a personal computer.
The comparison between the numerical and experimental spectra at uniform room temperature is reported in Fig. 9(b) . As it can be seen from Fig. 9(b) , the spectrum of commercial CFBG shows a decreasing baseline, this is because the photosensitivity of the grating tends to shrink during writing, and thus the reflectivity decreases. In a future set-up, it is possible to consider the use of a dynamic Waveshaper filter to equalize and straighten the spectrum of CFBGs, so that the commercial sensor spectrum can match that of the simulation.
In Fig. 10 , it is reported the experimental test performed. The sensors were placed on a rigid support and the application of the temperature gradient was carried out using a welder. In particular, the tip of the welder was applied at the beginning of the chirp, at the free end of the sensor (as shown in Fig. 10(a) ). In Fig. 10(b) , the commercial CFBG sensor response is reported. In particular, in the inset of Fig. 10(b) , the trends of the two temperature profiles applied, are reported. These profiles have been measured by using the data provided by the four FBG standard sensors. As it is possible to note, the application of a T leads to a positive shift of the wavelengths. Indeed, the application of T, has led to a shift of the rising edge, while no shift of the falling edge or the baseline of the reflectivity are evident. For the profile 1, having a maximum temperature of 120°C on the free tip of the chirped sensor, there is a shift of the rising edge of about 0.94 nm with a consequent reduction in the bandwidth from 56.22 nm to 55.30 nm, with respect to the spectrum without temperature profile applied. While for profile 2, with a maximum temperature variation of 80°C, minor variations are recorded: i.e., a positive shift of the rising edge of 0.69 nm, with a reduction in bandwidth from 56.22 nm to 55.54 nm.
In Fig. 10(c) , the response of the simulated CFBG sensor with the application of the same two temperature profiles obtained from the experimental test, is reported. As it can be seen, even in this case, there is only a shift of the rising edge: for the profile 1, a positive shift of 0.82 nm is shown, with a bandwidth reduction from 56.01 nm, to 55.21; while for the profile 2, a positive shift of 0.60 nm with a bandwidth of 55.43 nm is recorded. In conclusion, the sensitivity response trends for both the commercial CFBG sensor and the CFBG simulated sensor are comparable: in particular, for both, there is a small reduction in bandwidth when a temperature variation is applied at the beginning of the active part of the sensor.
In order to confirm the comparison between the simulated and experimental analysis, a second test was carried out on a different commercial CFBG sensor having the following characteristics: L = 4 cm; δn e f f = 7.8 · 10 −4 ; = 524 nm, chirp rate (dλ D /dz) = 6.73 nm/cm, B W = 48 nm (from 1521 nm to 1568 nm). The experiment was carried out with the same setup shown for the previous test ( Fig. 9(a) ): four standard FBG sensors 0.5 cm long, positioned in the same position with respect to the CFBG, as the previous test (see Fig. 11(a) ).
In Fig. 11(b) , it is reported the results of the test performed by applying a temperature profile at the center of the CFBG sensor.
In the inset of Fig. 11(b) , they are shown the two temperature profiles applied, where their trend were obtained by the analysis of the response of the four standard FBG sensors used as a reference. In particular, the profile 1, applied at the center of the CFBG sensor, has a maximum temperature of 162°C, while the profile 2, applied at the same point, has a maximum of 47°C.
From the analysis of the commercial CFBG sensor response, it is noted that the application of a T in the center of the grating, does not lead to changes in spectral edges and therefore no change in bandwidth. As expected from the simulation, the only change recorded is in reflectivity. Indeed, for profile 1, (with a maximum temperature of 162°C), it is possible to observe the presence of a negative peak with a maximum of 0.75 at 1542 nm, and a positive peak, with a variation in the reflectivity of about 0.013 at 1550 nm, with respect to the spectrum without solicitation. Similar response is also observed for profile 2, where at 1542 nm there is a negative peak of about 0.76, and at 1550 nm a positive peak of about 0.77.
In Fig. 11(c) , it is shown the CFBG sensor response simulated with the application of the two temperature gradients determined during the experimental tests (inset Fig. 11(b) ). The application of these temperature gradients causes the formation of two peaks, one positive and one negative with the center of these peaks in correspondence of the maximum applied temperature; whereas no bandwidth variation is visible. In particular, for profile 1, a negative peak of 0.65, at the same wavelength observed for the experimental spectrum (1542 nm) is observed, with a variation in reflectivity of about 0.12 with respect to the spectrum without solicitation; a positive peak, less pronounced than the negative one, of 0.80 at 1550 nm is recorded. Similar behavior is observed for profile 2, but with a variation of reflectivity of about 0.03 and 0.01 at 1542 nm and 1550 nm respectively, compared to the spectrum without solicitation.
From the analysis of the experimental tests, we can state that the application of a positive T leads to a positive shift at the point of application of the maximum temperature. If a positive temperature variation is applied to a limited part of the grating, this leads to a reduction in bandwidth, (as shown in the test reported in Fig. 10 ) on the contrary if a positive T is applied along the whole length of the grating, an increase in bandwidth is shown. On the other hand, the application of a temperature profile at the center of grating, leads to the formation of two peaks and the possibility to precisely locate the point where the maximum temperature is recorded (at the center of the two peaks), without changes in the spectral edges.
Conclusion
In this paper, we used the TMM method to simulate CFBG sensors with the purpose of studying the contribution of the design parameters on the response of the sensor when subjected to thermal solicitation. Our goal was to simulate and analyze the CFBG sensor response to different temperature profiles in order to correlate spectral variations with the position of the thermal solicitation. In particular, from simulation data analysis, the length of the CFBG sensor should be selected according to the range of the monitored area and then selected for the specific application. Moreover, the length does not affect the thermal sensitivity of the sensor, so this parameter is only related to the application of interest.
Concerning the chirp parameter, it has been seen that for both linear and Gaussian profiles, for chirp values less than 3 nm/cm, the sensitivity of the sensor is very low, while for values between 5-6 nm/cm, highest sensitivity is reached, moreover also increasing the chirp value, the sensor maintains a good sensitivity useful for the biomedical purposes. Instead, the values of the λ C (depending on the period and the chirp value chosen) and BW (depending on the period, the length and the chirp value chosen) are important for the choice of the spectrum position in the wavelength range of interest, depending on the setup used and on the type of optical interrogator used. This kind of analysis is crucial for a proper design of CFBG sensor that leads to the best choice for the specific application.
Finally, experimental tests were performed, with simple temperature profiles applied, in order to demonstrate that is possible to measure the temperature along the grating length. The experimental results obtained are in accordance with the simulations. From the tests carried out, it is shown that, from the application of a temperature profile at the center of the grating, the bandwidth of the CFBG does not change. While it is evident the formation of two peaks (positive and negative) which allow to accurately locating the position of the maximum temperature peak.
These first results show the possibility of using this fiber sensor technology, to precisely monitor temperature variations, especially in applications where precision is below the millimeter would be required.
